Analysis of molecular dynamics and interactions in living cells
is an important topic in the life sciences. Molecular imaging is widely used to investigate molecular dynamics, 1 and its availability is further increasing by combined use with superresolution microscopy 2 and microfabrication technology. 3 However, it requires that the cells be bound to a substrate for observation of molecular events.
Lipid bilayers supported by planar substrates are a powerful tool in molecular imaging, since the lateral mobility of membrane-bound molecules is retained. 4, 5 Especially in vivo, planar lipid bilayers are indispensable for immobilization of cells without loss of motility. They are also used to stimulate immune cells. For example, this approach is used to establish models that mimic biological membranes and stimulate immune cells. [6] [7] [8] Substrate-bound lipid bilayers have been used to visualize early events in lymphocyte activation and the dynamic organization of signaling molecules on the surface of T lymphocytes. 9 It was found that microclusters of T cell receptor (TCR) were formed and subsequently, they gathered and assembled into the central supramolecular activation cluster (cSMAC). 10 The Langmuir-Blodgett technique is a well-established method for preparing supported lipid bilayers 11 in which two monolayers are sequentially transferred onto the substrate from the air-water interface. Although the method produces uniform and unilamellar membranes, it also requires specialized equipment such as a Langmuir trough. The alternative liposome fusion method was proposed by Brian and McConnell, who formed lipid bilayers as ruptured liposome vesicles on a preconditioned glass substrate. 12 However, these procedures require complex cleaning treatments including plasma oxidation, baking, or chromic acid application on the glass substrate. Cleaning treatments damage plastic materials, so glass-bottom plastic dishes, which are widely used in cell culture, cannot be used for this method. These cumbersome procedures and equipment requirements limit the utility of these methods.
Here we describe a simplified method for preparing supported lipid bilayers. We used a liposome fusion method and simplified the cleaning process to permit the use of glass-bottom dishes. We also demonstrate the formation of homogeneous lipid bilayers with the fluidity necessary for biological function.
Experimental
Supported planar bilayers were prepared by the liposome fusion method. [8] [9] [10] All lipids were purchased from Avanti Polar Lipids (USA). The mixed lipid solution composed of 1 mol% Biotin-PE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(biotinyl)) and DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine) in chloroform was evaporated under nitrogen flow and dried for 1 h in a SpeedVac vacuum drier. The lipid film was rehydrated with HEPES buffer (25 mM HEPES, 2 mM MgCl2, 1 mM CaCl2, pH 7.4) and sonicated for 15 min. The liposome solution (2 μL) was added to a 35-mm glass-bottom culture dish (MatTek, USA), whose glass surface was cleaned by pretreatment with 1 M KOH for 5 min just before use. The liposome solution was immediately sandwiched by placing a coverslip (10 mm in diameter, Matsunami, Japan) using two handmade spacers of silicone rubber with a thickness of 0.5 mm (approximately 2 × 7 mm) at the periphery of the coverslip. It was spread over a round area of 2 -2.5 mm in diameter. After incubation for 15 min at 25 C, the bilayers were washed with HEPES buffer, and then incubated at 25 C for 30 min with 1 μg streptavidin (Invitrogen, Japan). Unbound streptavidin was removed by washing with HEPES buffer. For T cell adhesion and 2014 © The Japan Society for Analytical Chemistry † To whom correspondence should be addressed. Rapid Communications stimulation, streptavidin-bound bilayers were incubated with 1 μg biotinylated anti-human CD3ε antibody (HIT3a, BD Pharmingen, Japan) for 30 min at 25 C. After removal of unbound antibodies, the buffer was changed to an imaging medium containing 25 mM HEPES and MEM without phenol red, riboflavin, or folic acid. The coverslip was removed just before the observation. The CD3ζ-EGFP cDNA was a gift from Drs. T. Yokosuka and T. Saito (RIKEN, Yokohama, Japan). The cDNA was inserted into the TagRFP-T vector, a modified version of TagRFP (Evrogen, Russia), and CD3ζ-TagRFP-T was subcloned into Gateway destination vector pEF5/FRT/V5-DEST (Invitrogen) by recombination using Gateway LR Clonase (Invitrogen). Flp-In Jurkat T cells (Invitrogen) were cultured in RPMI 1640 supplemented with 10% fetal calf serum. To generate stable cell lines expressing CD3ζ-TagRFP-T, Jurkat cells were transfected by using the Neon electroporation system (Invitrogen).
Imaging was performed on an inverted microscope (IX-70, Olympus, Japan) equipped with a CoolLED fluorescent light source (490 and 535 nm wavelength modules, Molecular Devices, Japan) using 40× UPlanApo and 100× oil immersion PlanApo objectives (Olympus) at 37 C. Images were captured with a CoolSNAP HQ/OL camera (Olympus) and processed with MetaMorph software (Molecular Devices). For fluorescence recovery after photobleaching (FRAP) experiments, a circular region was photobleached by restricting the excitation light path for 20 s with 100% radiation power at 490 nm. Fluorescence recovery was monitored by time-lapse imaging every 1 min under low illumination. The diffusion coefficient of lipid molecules in the lipid bilayers was estimated using the Virtual Cell simulation software (http://vcell.org). For T cell stimulation, the CD3ζ-TagRFP-T expressing Jurkat cells were allowed to attach to the lipid bilayers at 37 C for 2 min prior to imaging.
Results and Discussion
Figure 1(a) shows a schematic representation of the cell-bilayer interface. Biotin-containing planar lipid bilayers were formed by liposome adsorption and spreading on a glass surface. Cells were immobilized with antibodies against cell surface molecules attached to the bilayers via biotin-streptavidin conjugation. To visualize lipid bilayer formation, we used liposomes containing 1 mol% of Fluorescein-PE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(carboxyfluorescein)). Homogeneous bilayers were generated by adding 0.18 mg/mL liposome and incubating for 15 min at 25 C on a glass-bottom dish, whose glass surface were cleaned with 1 M KOH for 5 min. Figure 1(b) shows a representative result from more than 50 independent preparations. We attempted to use a higher-concentration liposome suspension (0.89 mg/mL) to facilitate liposome adhesion, but the fluorescence intensity of the lipid bilayers was not homogeneous (Fig. 1(c) ), suggesting the formation of multilamellar bilayers. Although some studies suggest lowtemperature incubation to prevent degradation of proteins reconstituted in liposomes, 9,10,13 we observed partial formation of lipid bilayers when liposomes were incubated at 4 C ( Fig. 1(d) ). Uniform bilayers were successfully formed under our optimized conditions (0.18 mg/mL, 15 min, 25 C). It should be noted that homogeneous bilayers were not formed after cleaning of the glass surface with 0.1 M KOH (data not shown) suggesting 1 M KOH is essential and sufficient for homogeneous bilayer formation. The present method yields homogeneous lipid bilayers over the whole area of the liposome spread round region (2 -2.5 mm in diameter) with an almost 100% success rate.
We performed FRAP experiments to examine lipid fluidity in the bilayers. A lipid bilayer was labeled with Fluorescein-PE and a small area was photobleached (Fig 2a, top) . Fluorescence recovery was monitored under weak illumination (10% of maximum) to avoid bleaching during observation. Fluorescence recovery was homogeneous (middle and bottom in Fig. 2a) and the fluorescence intensity profile shows that recovery was synchronous with loss of fluorescence in the non-photobleached region (Fig. 2b) . Thus, both fluorescent and photobleached lipid molecules were mobile and spread by lateral diffusion. The diffusion coefficient of unsaturated lipid molecules in the lipid-bilayers from FRAP images were estimated to be 4.7 ± 1.3 μm 2 /s at 37 C using the Virtual Cell simulation.
Comparison of this value with the diffusion coefficient of the previous report (~1 μm 2 /s of unsaturated lipid at 25 C 14 and 0.9 ± 0.1 μm 2 /s of saturated lipid at 37 C 15 ) demonstrates the fluidity of molecules in the lipid bilayers.
We tested the biological function of the lipid bilayers prepared by anchoring with biotinylated anti-human CD3ε antibodies. The antibodies were used to adhere to the TCR on the T cell surface but also to stimulate the T cells. We used Jurkat cells, an immortalized line of T cells, and established Jurkat cells stably expressing CD3ζ-TagRFP-T to visualize the formation and movement of TCR microclusters after stimulation. Upon contact between a T cell and the bilayer, bright dots of CD3ζ-TagRFP-T microclusters appeared, distributed across the contact interface ( Fig. 3(a) ). The microclusters moved toward the center of the cell and gathered to create a cSMAC (Fig. 3(c) ). In contrast, T cells stimulated by the antibody-coated glass surface, which is used frequently instead of lipid bilayers, did not show cSMAC formation, and CD3ζ-TagRFP-T remained randomly distributed without movement (Figs. 3(b) and 3(d) ). The mobile fraction of the microclusters on the lipid bilayers was 349 of 385 microclusters (91% ± 2%) from 8 cells, whereas that on the antibody-coated glass was 20 of 805 (2% ± 1%) from 4 cells, consistent with previous studies. 16, 17 This result confirms that the mobility of TCR microclusters was retained on the lipid bilayers.
In summary, we produced supported planar lipid bilayers without sophisticated instrumentation by controlling liposome fusion and glass treatment, enabling the use of glass-bottom cell culture dishes. We measured lipid fluidity and demonstrated the dynamics of TCR microclusters on T cells immobilized on the lipid bilayers. Our method should facilitate studies of cell-cell interactions at a single-molecule level.
